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ABSTRACT
The deep-pelagic environment encompasses ocean waters below 200 m depth,
and comprises 90% of the volume of the Gulf of Mexico. Deep-pelagic fishes are
important prey for many oceanic consumers, but relatively little is known about their
early life history, including larval fish trophic ecology. An understanding of the role
deep-pelagic fish larvae have in oceanic food webs is important in the development of
ecosystem models that examine the connectivity (via vertical migrations) between the
deep-pelagic and epipelagic environments with respect to trophic interactions, nutrient
cycling, and carbon sequestration. In this study, archived plankton samples collected
during 2010 and 2011 were used to describe the trophic ecology of the dominant deeppelagic fish larvae collected in the northern Gulf of Mexico. Bulk-tissue stable isotope
analysis of δ13C and δ 15N were performed on larvae from four different families:
Myctophidae (Lanternfishes), Gonostomatidae (Bristlemouths), Sternoptychidae
(Hatchetfishes) and Phosichthyidae (Lightfishes). Gut contents were counted and
identified to provide taxon-specific diet information. In addition, compound-specific
stable isotope analysis of amino acids of nitrogen was performed on a subset of samples
from the Family Paralepididae (Barracudinas) to elucidate ontogenetic shifts in diet.
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CHAPTER I TROPHIC ECOLOGY OF DEEP-PELAGIC LARVAL AND JUVENILE
FISHES IN THE NORTHERN GULF OF MEXICO
1.1 Introduction
The deep-pelagic region (waters below 200 m) comprises 90% of the volume of
the Gulf of Mexico (GoM), and hosts a large and likely underestimated biomass of fishes
(Kaartvedt et al. 2012; Irigoien et al. 2014; Fisher et al. 2016a). Deep-pelagic fishes are
major prey groups for large, highly migratory pelagic fishes like tunas and marlins, as
well as for marine mammals and seabirds (Pauly et al. 1998; Moteki et al. 2001; Allain
2005; Connan et al. 2007; Cherel et al. 2008; Choy et al. 2013). Additionally, deeppelagic fishes play a significant role in the transport of carbon from the epipelagic region
(< 200 m) to the deep ocean via diel vertical migrations (Hidaka et al. 2001; Radchenko
2007; Bianchi et al. 2013; Hudson et al. 2014). The early life stages of deep-pelagic
fishes are a large component of oceanic plankton communities, acting as key consumers
of smaller zooplankton, such as copepods, euphausiids, amphipods, and ostracods
(Young and Blaber 1986; Young et al. 2015). Because vertical gradients in the open
ocean are much stronger than horizontal gradients, it is important to understand how
epipelagic and deep-pelagic ecosystems are structured and connected by depth (Angel
1997a).
Diel vertical migration (DVM) is the nightly migration of zooplankton and fish
from deep-pelagic waters to the epipelagic to feed, and is believed to be tightly correlated
with seasonal and geographic differences in day length (Van Haren and Compton 2013).
Participation of deep-pelagic fishes in DVM can vary among taxa, stages of ontogeny,
1

and seasons (Clarke 1973; Cha et al. 1994; Moteki et al. 2009; Dypvik et al. 2012). Most
notably, the connection between the feeding and DVM of zooplankton and micronekton
results in large contributions to the overall downward transport of material in the
biological pump (Longhurst and Harrison 1989; Longhurst et al. 1990; Bianchi et al.
2013; Hudson et al. 2014; Cavan et al. 2019).
Myctophidae (lanternfishes), Gonostomatidae (bristlemouths), Sternoptychidae
(hatchetfishes), and Phosichthyidae (lightfishes) are the four most abundant families of
mesopelagic fishes in the nGoM (Ross et al. 2010). While the larval fish diets from these
families have been described in other regions (Sabatés and Saiz 2000; Sassa and
Kawaguchi 2004, 2005; Conley and Hopkins 2004; Olivar et al. 2018; Mei et al. 2018;
Contreras et al. 2018, 2020; Sassa and Takasuka 2020), their diets and trophic ecology in
the nGoM are unknown. This knowledge is needed to understand the trophic dynamics of
the pelagic nGoM, as trophic relationships are not wholly consistent among regions and
ontogenetic stages, or within families of deep-pelagic fishes (Conley and Hopkins 2004;
Rodríguez-Graña et al. 2005; Bernal et al. 2013; Contreras et al. 2018; Richards et al.
2019).
Myctophidae is a speciose family of fishes encompassing 246 species.
Participation in DVM varies among species and ontogenetic stages in this family (Clarke
1973). Some species of myctophid migrate vertically through the water column at all life
stages (e.g. Bolinichthys longipes), while others do not (e.g. Taaningichthys bathyphilus).
In contrast, other species (e.g. Lampanyctus nobilis) do not begin vertically migrating
until they reach 25-30 mm in length (Clarke 1973). All myctophid species are believed to
be primarily zooplanktivorous (Hopkins and Baird 1985a; Watanabe et al. 2002; Bernal
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et al. 2013; Van Noord et al. 2013). Likewise, most species of gonostomatids,
sternoptychids, and phosichthyids are also thought to be zooplanktivorous and participate
in DVM as adults (Drazen and Sutton 2017). Notably, non-migrating exceptions include
the gonostomatid genus Cyclothone and the sternoptychid genus Argyropelecus (Drazen
and Sutton 2017). Cyclothone are thought to be the most abundant vertebrates on the
planet, making their role in the pelagic food web all the more important (Nelson 2006).
Fish trophic ecology is largely studied using two complementary methods: gut
content analysis and stable isotope analysis. Gut content analysis has long been used as a
tool to study the diets of fishes and offers the advantage of assigning prey items to
taxonomic groups (Hyslop 1980). These groupings can be as broad as infraclass (e.g.,
teleosts) or as specific as species, and are useful for determining prey selectivity.
However, gut content analysis is subject to inherent biases such as "net feeding", which
may result in the overestimation of diet contents. Net feeding bias occurs when fishes
feed opportunistically inside the net, where the size and taxonomic composition of
organisms captured in the net are not reflective of the fishes’ natural prey field. Further,
the varying level of digestibility of different prey types may result in overestimation of
prey items that are resistant to digestion and the underestimation of those that are more
easily digested (Hopkins and Baird 1975; Rodhouse et al. 1992; Kelly 2000; Herling et
al. 2005). These issues are amplified in larval fish due to their short alimentary canals,
ability to digest or pass prey items within hours, and highly variable rates of ingestion
(Fossum 1983; Karjalainen et al. 1991; Houde and Zastrow 1993; Canino and Bailey
1995).
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Stable isotope analysis is another tool for studying trophic ecology that is based
on the principle that the biochemical composition of consumer tissue is a reflection of
diet, and that ratios of 15N/14N and 13C/12C are transferred between predator and prey in a
predictable way (Peterson and Fry 1987; Post 2002; Fry 2006). Nitrogen isotope ratios,
which fractionate predictably between consumer and prey, can be used to calculate
organisms’ trophic level while carbon isotope ratios, which show minimal isotopic
fractionation with trophic transfer, can be used to determine dietary resource use. Stable
isotope analysis gives an estimate of an organism’s diet that is integrated over a longer
timescale than gut contents because tissue-specific isotopic turnover rates are much
slower than rates of digestion. These timescales can be weeks to months for adult fishes,
but is usually on the order of days for faster-growing larvae and juvenile fishes (Uriarte et
al. 2016). Stable isotope analysis is often used in concert with gut content analysis to
provide a holistic view of food web interactions. Together, data from stomach content
and stable isotope analyses can be used to identify diet specialization and prey selectivity,
estimate trophic levels, and determine the relative contributions of nutritional basal
resources to the diet.
Isotopic niche area is a valuable descriptor of the trophic and ecological roles of
organisms. Isotopic niche area was traditionally assessed on a ratio scale by studying
changes in the standard deviation of log-transformed prey size-distribution data attained
from stomach contents (Pearre 1986; Pepin and Penney 2006). Trophic level describes an
organism’s position in the food web. Organisms further removed from primary producers
have higher trophic levels, and organisms feeding “closer” to them having lower trophic
levels. Knowledge of the trophic levels of organisms in an ecosystem is essential for
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predicting trophic cascades, which is an important consideration for ecosystem-based
management and conservation (Shurin and Seabloom 2005; Heithaus et al. 2008; Grinath
2014). When accompanied by relevant abundance or biomass data, knowledge of trophic
levels enables ecologists to identify regulatory mechanisms (e.g., top-down, bottom-up),
and pinpoint drivers of change in community composition and structure.
In April 2010, an explosion on the Deepwater Horizon drilling platform resulted
in a blowout of the Macondo wellhead which, at nearly a mile below the surface, sits
within the deep-pelagic. It is estimated that a total of 53,000 barrels of oil per day were
released from the wellhead before it was finally closed in July 2010 (McNutt et al. 2012).
While some oil was contained, roughly 4.1 million barrels leaked from the Macondo
wellhead during that time (McNutt et al. 2012). As a result, oil plumes were found at
1200 m depth. Additionally, oil concentrations that were toxic to biota likely extended
over 500 km from the wellhead (Berenshtein et al. 2020). In the wake of the Deepwater
Horizon oil spill (DWHOS) a lack of ecosystem baseline data in some areas of the GoM
impeded damage assessment and mitigation efforts (Murawski and Hogarth 2013). The
majority of what was known about deep-pelagic fishes in the GoM before the DWHOS
was based on long-term sampling at a single station in the eastern GoM (Hopkins and
Baird 1975, 1985a; b; Baird et al. 1975; Hopkins 1982; Hopkins et al. 1996; Burghart et
al. 2010). As a result, the impact of the spill on pelagic species, including deep-pelagic
ichthyoplankton, is still largely unknown. This highlights the necessity of ecological
reference data for understanding the impact of environmental perturbations and for
setting recovery and restoration goals.
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In response to the DWHOS, deep-pelagic plankton cruises were conducted as part
of the NOAA Natural Resource Damage Assessment (NRDA) in 2010 and 2011 to assess
injury to the environment. Ichthyoplankton, zooplankton, nekton, and micronekton were
collected in epipelagic (0 – 200 m), mesopelagic (200 – 1000 m) and bathypelagic (>
1000 m) portions of the water column in the northern GoM. Data from these cruises
provide an unprecedented opportunity to study the ecology of deep-pelagic ichthyofauna
in the northern Gulf of Mexico.
Using the NRDA cruise data and sample collections as source material, I
examined the trophic ecology of early life stage deep-pelagic fishes from the nGoM. The
objectives of my thesis were to gain a more holistic understanding of the trophic ecology
of these fishes and to describe the similarities and differences in their trophic levels and
isotopic niche areas. In this chapter, I use stable isotope analysis and gut content analysis
to describe the trophic ecology of early life stages of four ubiquitous deep-pelagic fish
families (Myctophidae, Gonostomatidae, Phosichthyidae, and Sternoptychidae).
1.2 Methods
1.2.1 Sample Collection
Ichthyoplankton and zooplankton were collected in the northern GoM aboard the
R/V F.G. Walton Smith (WS4) from April 20 to May 27, 2011 as part of the DWHOS
NRDA sampling effort (Figure 1.1; Table 1.1).
Bottom depths at sampling stations ranged from approximately 854 m to 2490 m.
Plankton samples were collected using a 1 m2 Multiple Opening/Closing Net and
Environmental Sensing System (MOCNESS) fitted with 333 μm mesh nets to
simultaneously collect plankton and in situ environmental data (temperature, salinity,
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water depth). Each MOCNESS tow provided nine depth-discrete samples from the
following bins: 0-25 m, 25-200 m, 200-400 m, 400-600 m, 600-800 m, 800-1000 m,
1000-1200 m, 1200-1500 m, and 1500+ m. The 0-25 m and 25-200 m depth bin were
combined for data visualization and analyses. At each station MOCNESS tows were
conducted during the day and night (~12 hours apart). All samples were fixed at sea in
formalin before being transferred to 70% unbuffered ethanol for long-term storage. A
total of 346 depth-discrete samples from 40 MOCNESS tows were collected and
available for analyses.
Table 1.1. MOCNESS station data for samples collected during the R/V Walton
Smith 4 (WS4) cruise in Spring 2011 in the northern Gulf of Mexico. Station
locations are depicted in Figure 1.1. Number of tows (n) are shown for each station.
Station
ID
B185
B061
B083
B184
WS02
WS01
B080
B082
WS03

Station Depth
(m)
1079
1186
1412
944
1805
854
934
2403
2490

Day
Max Tow
Depth (m)
975
997
1199
753
1482
677
850
1698
1600

Sampling
Dates
Apr 20-22
Apr 23-24
Apr 26-29
May 5-8
May 8-10
May 11-13
May 18-19
May 21-23
May 25-27
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n
2
2
1
3
2
2
2
2
2

Night
Max Tow
Depth (m)
954
1100
1200
797
1500
801
856
1598
1599

n
2
2
2
4
3
2
2
3
2

Figure 1.1 MOCNESS stations sampled during the Walton Smith 4 ichthyoplankton
cruise in Spring 2011 (April 20 - May 27, 2011). Contour line denotes the 1000 m isobath
Ichthyoplankton were sorted from each MOCNESS sample and identified to the
lowest possible taxonomic level. Following identification, larval fish specimens were
stored and maintained in the Deepwater Horizon Plankton Assessment Archive (NOAA
Pascagoula) located at the Stennis Space Center, Mississippi, USA. From this archive, a
subset of ichthyoplankton specimens encompassing a range of depth bins, stations, and
ontogenetic stages was selected for diet and stable isotope analysis (Table 1.2).
Table 1.2 Depth distribution of larval fish samples by taxon used in
stable isotope analyses of bulk C and N. All specimens were
obtained from archived MOCNESS samples collected in the northern
Gulf of Mexico during the R/V Walton Smith 4 (WS4) cruise in
Spring 2011. Sample locations are depicted in Figure 1.1.
depth bin (m)
0- 200- 400- 600- 800- 1000- 1200Taxon
200 400 600 800 1000 1200 1500
Myctophidae
Benthosema
61
0
16
0
0
0
0
Ceratoscopelus 61
0
8
17
2
0
0
Diaphus
6
5
5
3
0
0
0
Diogenichthys
5
0
3
4
0
0
0
8

Table 1.2 Continued

Taxon
Hygophum
Lampanyctus
Gonostomatidae
Cyclothone
Phosichthyidae
Vinciguerria
Sternoptychidae
Argyropelecus
Maurolicus

depth bin (m)
0- 200- 400- 600- 800- 1000- 1200200 400 600 800 1000 1200 1500
5
48

5
0

7
12

8
17

8
1

0
0

0
0

40

23

20

25

13

8

1

12

10

10

0

0

0

0

2
32

14
1

15
0

0
0

0
0

0
0

0
0

1.2.2 Gut Content Analysis
Methods for gut content analysis largely followed those outlined by Llopiz and
Cowen (2008). Prior to processing, fish were imaged with a digital camera mounted on a
dissecting microscope. Notochord length (preflexion stage) or standard length (flexion,
postflexion, and juvenile stages) was measured to the nearest 0.01 mm with iSolutionLite software (IMT iSolution, Inc. 2018, Vancouver, BC). After imaging, entire
alimentary canals were removed and placed in ethanol under a dissecting microscope.
Gut contents, if present, were removed. Prey items were identified to the lowest possible
taxonomic level, counted, and measured as their condition allowed. Gut content results
are reported at the genus level as percent frequency of occurrence (%FO), where %FO is
the proportion of guts containing each prey type expressed as a percentage of the total
number of non-empty stomachs for that genus (Hyslop 1980; Stobberup et al. 2009).
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1.2.3 Bulk Tissue Stable Isotope Analysis
To remove preservatives from the larval fish and plankton tissue, samples were
rinsed and soaked in deionized water for 72 hours, with water changes every 24 hours
(Chasar et al. 2005; Marcus et al. 2017). Zooplankton field samples were soaked in
aliquots (~400-500 mg wet weight) and larval fish specimens were soaked individually.
Subsequently, zooplankton samples were dried as aliquots and fish larvae were dried
individually at 60 °C. Once dried, individual larval specimens that met the minimum
sufficient sample mass for stable isotope analysis (~0.3 mg) were ground with a mortar
and pestle and packed into 5 x 9 mm Costech tin capsules. When necessary, multiple
whole larval fish individuals from the same taxon, location, and depth were combined to
reach ~0.3 mg. Samples were analyzed for stable isotope ratio values of carbon (δ13C)
and nitrogen (δ15N) using a Thermo Delta V Advantage stable isotope ratio mass
spectrometer coupled to a Costech 4010 elemental analyzer by a Thermo Confo IV
continuous flow interface. Isotopic values were calculated relative to conventional
standards for each element of interest and expressed in standard delta (δ) notation as
follows:

δ aX= [(aRx/aRstd)-1] × 1000

Where aRx is the ratio of the less abundant to the more abundant isotope of an element in
the sample and aRstd is the ratio of the less abundant to the more abundant isotope in a
standard (Fry 2006). Acetanilide (Costech Analytical), which was calibrated against
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known NIST-certified glutamic acid standards (USGS 40 and USGS 41) was used as a
calibration standard for elemental and isotopic analysis of both carbon and nitrogen.
1.2.4 Data Analysis - Niche Area and Overlap
The isotopic niche area of each taxonomic group was calculated using the R
package SIBER following the methods described in Jackson et al. (2011) and Jackson
and Parnell (2019). Total convex hull area (TA) was calculated, representing the total
area encompassed by all data points (representing each individual isotope sample) of each
genus. The TA illustrates the full “spread” of data in bivariate isotope space but is
influenced heavily by sample size and as a result is thought to be a poor measure of
isotopic niche. Standard ellipse areas (SEA), which encompass a core percentage of the
full isotope data (TA) for each taxonomic group, were used to estimate isotopic niche
area. Ellipses in this study were calculated based up on the core 40% of the bivariate
isotope data, which represents the literature standard and allows for comparison among
studies (Jackson et al. 2011; Muller and Strydom 2017; Nahon et al. 2020). The SEA
corrected for sample size (SEAc) is also presented.
Isotopic niche overlap was estimated using the R package nicheROVER
developed by Swanson et al. (2015). NicheROVER uses a Bayesian framework to
estimate probabilistic (95%) niche regions and pairwise comparisons in niche overlap.
These niche overlap estimates are directional/asymmetric. Probabilistic two-dimensional
(δ13C and δ15N) niche regions were calculated for each genus and niche overlap was
calculated for each combination of genera. These estimates were generated using noninformative priors and performing n=10,000 Monte Carlo draws. Overlap estimates are
reported as posterior mean percent overlap and 95% credible intervals.
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1.2.5 Data Analysis - Trophic Levels
Trophic levels (TLs) were calculated following Post (2002):

TL = λ + (δ15Nconsumer-δ15Nbase)/ TDF

where λ is the trophic level of the organism(s) being used to estimate the base of the food
web (zooplankton), δ15Nbase is that organism’s nitrogen isotopic value, trophic
discrimination factor (TDF) is the enrichment in 15N per trophic level, and δ15Nconsumer is
the δ15N value of an individual fish or the mean δ15N of a group (all secondary and higher
level consumers) that is measured directly from samples of larval and juvenile fishes.
Here, the trophic baseline (δ15Nbase) was estimated from depth-discrete bulk
zooplankton samples collected concomitantly with ichthyoplankton. Zooplankton
samples were combined into groups based on depth bin and sampling stations. Stations
were split into four sampling zones. Following the classification of Burdett et al. (2017),
stations on or within the 1000-m isobath were classified as slope stations and stations
beyond the 1000-m isobath were classified as offshore stations. Stations were further
classified as either eastern or western relative to the Mississippi River delta using -89°
longitude as the line of demarcation. Depth bins were combined into depth “zones” as
follows: Epipelagic (0-200 m), Upper Mesopelagic (200-600 m), Lower Mesopelagic
(600-1000 m), and Bathypelagic (>1000 m). Zooplankton δ15N values were then
averaged within each group and used to calculate trophic level for larval fish samples
from the corresponding depth zone and sampling zone.
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The zooplankton were assigned an assumed trophic level (λ) of 2.5 in order to
represent the diversity of zooplankton taxa, sizes, and functional groups present in the
zooplankton samples (Fanelli et al. 2011; Werner 2013). Larval fishes have differences in
metabolism and digestive physiology from adult fishes. Trophic discrimination and tissue
turnover rates are among these differences. In an effort to account for the unique
physiology of larval fishes in trophic level calculations, and based on the results of Pepin
and Dower (2007), a TDF of 1.88‰ was used. Larval stages for all taxa were combined
such that preflexion and flexion stages were classified as “early larvae” and postflexion
and transforming stages were classified as “late larvae”.
1.3 Results
1.3.1 Gut Content Results
Eighty-three percent of the 946 fish used for gut content analysis had empty
digestive tracts. The majority of prey items that were identifiable were whole copepods or
unidentified crustacean fragments (Table 1.3; Figure 1.2). Fragments of unidentified
crustaceans were present in the guts of all genera, with %FO ranging from 20.6%
(Cyclothone) to 100% (Hygophum). No other prey types were found in the gut contents
of Hygophum. Unidentified copepods occurred in the guts of all other genera, with %FO
ranging from 11.8% (Cyclothone) to 83.3% (Diogenichthys). Of the identifiable
copepods, calanoid copepods occurred the most frequently and were present in the diets
of five genera. Ostracods were also present in the diets of five genera, with %FO ranging
from 7.7% (Lampanyctus) to 25% (Benthosema). Cladocerans and invertebrate eggs both
occurred in the diets of multiple genera but their highest %FO was seen in Benthosema.
Prey types that were only found in the guts of a single genus include harpacticoid
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copepods (Maurolicus), pteropods (Diogenichthys), Gastropods (Ceratoscopelus),
bivalves (Benthosema), polychaetes (Argyropelecus), and radiolarians (Diogenichthys).

1.3.2 Stable Isotope Results
In total, 537 larval fish tissue samples representing four families (Myctophidae,
Gonostomatidae, Phosichthyidae, and Sternoptychidae) were analyzed for bulk nitrogen
and carbon stable isotopes. Seventy-nine of these samples were comprised of multiple (210) fish larvae, while each of the remaining samples included a single larva.

Figure 1.2 Plot of δ13C and δ15N for each individual larval and juvenile fish sample
analyzed. Point shapes distinguish between fishes in different families, and colors
distinguish among genera. Genus-level mean δ13C and δ15N values are plotted as closed
points, with error bars denoting one standard deviation above and below the mean
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Table 1.3 Percent frequency of occurrence (%FO) of prey items in non-empty guts of larval and juvenile mesopelagic fishes.
Abbreviations are as follows: Argyropelecus (Argy), Maurolicus (Maur), Cyclothone (Cyc), Vinciguerria (Vinc), Benthosema
(Bent), Ceratoscopelus (Cera), Diaphus (Diap), Diogenichthys (Diog), Hygophum (Hygo), Lampanyctus (Lamp). See table 1.2
for family classifications of each fish genus.
Argy
Maur
Cycl
Vinc
Bent
Cera
Diap
Diog
Hygo
Lamp
Calanoid Copepod
0.0
4.3
2.9
0.0
12.5
0.0
0.0
33.3
0.0
7.7
Harpacticoid Copepod
0.0
4.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
Cyclopoid Copepod
0.0
4.3
0.0
0.0
0.0
0.0
10.0
0.0
0.0
7.7
Unidentified Copepod
41.2
39.1
11.8
25.0
25.0
33.3
60.0
83.3
0.0
46.2
Nauplii
2.9
0.0
0.0
12.5
8.3
0.0
30.0
66.7
0.0
0.0
Amphipod
5.9
0.0
2.9
0.0
4.2
0.0
0.0
16.7
0.0
15.4
Ostracod
11.8
0.0
0.0
0.0
25.0
16.7
10.0
16.7
0.0
7.7
Cladoceran
5.9
4.3
2.9
0.0
16.7
0.0
0.0
0.0
0.0
0.0
Pteropod
0.0
0.0
0.0
0.0
0.0
0.0
0.0
16.7
0.0
0.0
Unidentified Crustacean
44.1
69.6
20.6
62.5
50.0
66.7
60.0
66.7
100.0
38.5
Euphausids
0.0
0.0
2.9
0.0
0.0
16.7
0.0
0.0
0.0
7.7
Gastropod
0.0
0.0
0.0
0.0
0.0
16.7
0.0
0.0
0.0
0.0
Barnacle Cyprid
0.0
4.3
0.0
0.0
4.2
0.0
0.0
0.0
0.0
0.0
Bivalve
0.0
0.0
0.0
0.0
4.2
0.0
0.0
0.0
0.0
0.0
Chaetognath
2.9
0.0
2.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
Polychaete
2.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
Invertebrate Eggs
2.9
8.7
0.0
0.0
25.0
0.0
0.0
0.0
0.0
0.0
Fish Scales
0.0
0.0
0.0
0.0
4.2
16.7
0.0
0.0
0.0
0.0
Foraminefera
0.0
0.0
0.0
0.0
4.2
33.3
0.0
16.7
0.0
0.0
Radiolarian
0.0
0.0
0.0
0.0
0.0
0.0
0.0
16.7
0.0
0.0

Figure 1.3 Percent frequency of occurrence of prey items in the guts of larvae and juveniles of each deep-pelagic fish genus

Sample sizes varied among genera and were greatest for the gonostomatids
(Cyclothone) and three myctophid species: Ceratoscopelus, Lampanyctus, and
Benthosema (Table 1.4). Across all genera, δ13C had a range of -24.42‰ to -17.82‰ and
δ15N had a range of 3.76‰ to 11.04‰ (Figure 1.3; Table 1.4). Zooplankton δ15N values
increased with increasing depth (Figure 1.4) in contrast to the larval fish δ15N values
(Figure 1.5), which showed no clear pattern with depth. A pattern of increasing standard
length with greater depth of capture is seen in Cyclothone (Figure 1.6). Although they did
not have the same thorough depth coverage, a similar pattern emerges for Lampanyctus,
Ceratoscopelus, and Vinciguerria. Larval length was positively and significantly
correlated with δ15N in the myctophids Benthosema, Ceratoscopelus, Hygophum, and
Lampanyctus, the gonostomatid Cyclothone, and the phosichthyid Vinciguerria (Figure
1.7). However, the range of lengths for Hygophum was narrow (5.7-13.9 mm) and the
correlation between δ15N and SL was weak. The most depleted δ13C values were seen in
juvenile Diogenichthys while the most enriched were seen in juvenile Argyropelecus
(Table 1.4). There was a strong positive correlation between δ15N and δ13C values for the
sternoptychid Maurolicus (R=0.94; p<0.05) and for Benthosema (R=0.68, p<0.05; Figure
1.9).
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Figure 1.4 Mean zooplankton δ15N for each depth bin. Error bars denote one standard
deviation.
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Figure 1.5 Mean δ15N for each genus and depth bin. Error bars denote one standard
deviation.
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Figure 1.6 Mean standard length (SL) for each genus and depth bin. Error bars denote
one standard deviation
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Figure 1.7 Relationship between standard length (SL) and δ15N for larval and juvenile
mesopelagic fishes. R= Pearson’s correlation coefficient.
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Figure 1.8 Mean trophic level for each genus. Error bars denote one standard deviation.

22

Figure 1.9 Relationship between δ13C and δ15N for larval and juvenile mesopelagic
fishes. R= Pearson’s correlation coefficient.
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Table 1.4 Number of fish (n), mean standard length (SL, mm), mean δ15N ± SD
(‰), and mean δ13C ± SD (‰) for each stage category within each genus. Early
larval= preflexion/flexion. Late larval= postflexion/transforming.
n

SL

δ15N

δ13C

early larval
late larval
juvenile

1
26
4

7.20
6.48
9.08

8.59
9.24 ± 0.8
8.98 ± 1.36

-19.38
-19.65 ± 0.4
-19.27 ± 0.38

early larval
late larval

1
32

5.25
7.34

8.15
8.23 ± 0.98

-19.76
-19.89 ± 0.8

Cyclothone early larval
late larval
juvenile

7
114
8

4.24
12.91
23.54

6.44 ± 1
7.58 ± 1.07
8.85 ± 0.47

-19.46 ± 0.29
-19.37 ± 0.73
-19.28 ± 0.47

1
12
19

5.50
9.72
13.52

7.31
7.16 ± 0.99
8.07 ± 1.03

-20.71
-20.16 ± 0.68
-19.74 ± 0.73

11
54
12
13
69
6
17
2
7
5
32
1
18
46
14

3.12
6.15
14.49
3.34
8.58
16.65
9.69
12.45
8.50
16.46
10.26
13.90
3.01
9.01
16.28

6.01 ± 1.06
6.4 ± 1.29
8.2 ± 1.12
5.19 ± 0.7
5.64 ± 0.73
7.2 ± 0.49
8.18 ± 1.35
7.44 ± 1.92
6.94 ± 0.49
7.37 ± 1.01
6.84 ± 1.04
4.72
5.85 ± 0.63
6.69 ± 1.29
7.55 ± 0.97

-21.7 ± 0.33
-21.79 ± 0.64
-20.82 ± 1.3
-19.53 ± 0.4
-19.85 ± 0.66
-20.04 ± 0.74
-20.46 ± 0.91
-19.92 ± 1.19
-21.7 ± 0.93
-22.32 ± 1.61
-21.25 ± 0.76
-19.08
-19.81 ± 0.21
-19.87 ± 0.8
-20.32 ± 0.61

Taxon
Sternoptychidae

Argyropelecus

Maurolicus

Gonostomatidae

Phosichthyidae

Vinciguerria early larval
late larval
juvenile
Myctophidae

Benthosema

Ceratoscopelus

Diaphus
Diogenichthys
Hygophum
Lampanyctus

early larval
late larval
juvenile
early larval
late larval
juvenile
late larval
juvenile
late larval
juvenile
late larval
juvenile
early larval
late larval
juvenile

The sternoptychids Argyropelecus and Maurolicus had the highest mean trophic
levels overall (Table 1.5; Figure 1.8). Among the myctophids, Diaphus had the highest
mean TL, however, only late larval and one juvenile Diaphus were analyzed. For each
genus-stage combination, the standard deviation of the mean was less than one trophic
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level, with early larval Lampanyctus having the lowest standard deviation (SD= 0.28,
Table 1.5).
Table 1.5 Mean trophic level ± SD of each genus (all stages combined) and mean
trophic level ± SD of each stage category within each genus. Early larval=
preflexion/flexion. Late larval= postflexion/transforming.
Taxon
All Stages
Early Larval Late Larval
Juvenile
Sternoptychidae
Argyropelecus
3.3 ± 0.41
3.04
3.33 ± 0.36
3.16 ± 0.72
Maurolicus 3.15 ± 0.45
NA
3.15 ± 0.45
NA
Gonostomatidae
Cyclothone

2.42 ± 0.57

2.17 ± 0.7

2.4 ± 0.57

2.77 ± 0.41

Phosichthyidae
Vinciguerria

2.62 ± 0.54

2.69

2.58 ± 0.52

2.65 ± 0.58

Myctophidae
Benthosema
Ceratoscopelus
Diaphus
Diogenichthys
Hygophum
Lampanyctus

2.2 ± 0.76
1.61 ± 0.44
2.64 ± 0.69
2.22 ± 0.54
1.85 ± 0.73
2.21 ± 0.59

2.06 ± 0.67
1.49 ± 0.52
NA
NA
NA
2.19 ± 0.28

2.07 ± 0.73
1.59 ± 0.4
2.68 ± 0.69
2.18 ± 0.61
1.9 ± 0.68
2.12 ± 0.62

2.93 ± 0.56
2.1 ± 0.55
2.32 ± 0.86
2.29 ± 0.48
NA
2.56 ± 0.68

Table 1.6 Number of fish (n), total convex hull area (TA), standard
ellipse area (SEA), and corrected standard ellipse area (SEAc)
calculated for each genus.
SIBER Group Metrics
n

TA (‰2)

SEA (‰2)

SEAc (‰2)

Argyropelecus

31

3.68

1.04

1.07

Maurolicus

33

2.89

0.81

0.83

Cyclothone

130

13.92

2.32

2.34

Vinciguerria

32

8.36

2.27

2.34

Benthosema

77

14.65

2.64

2.67

Genus
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Table 1.6 Continued
SIBER Group Metrics
Genus

n

TA (‰2)

SEA (‰2)

SEAc (‰2)

Ceratoscopelus

88

10.54

1.64

1.66

Diaphus

19

10.35

3.9

4.13

Diogenichthys

12

5.95

2.66

2.93

Hygophum

33

12.1

2.88

2.97

Lampanyctus

78

17.98

2.67

2.71

1.3.3 Isotopic Niche
Isotopic niche area (SEA) was variable among families and genera, and ranged
from 0.81‰2 to 3.9‰2 for SEA and 2.89‰2 to 17.98‰2 for convex hull total area, which
represents the full range of the raw isotope data. Maurolicus had the smallest SEA of all
genera at 0.81 ‰2, followed by Argyropelecus (Table 1.6). Ceratoscopelus, the genus
with the lowest mean δ15N, had the smallest SEA of the myctophid genera and third
smallest SEA overall. Diaphus had the largest SEA overall (3.9‰2; Table 1.6). Percent
mean probability of isotopic niche overlap ranged from 2.5% (probability of
Argyropelecus overlapping with Ceratoscopelus) to 96.1% (probability of Argyropelecus
overlapping with Diaphus) (Table 1.7). There was a 43.2% mean probability of
Argyropelecus overlapping with Maurolicus in isotopic niche space. There was an 83.7%
mean probability of Vinciguerria overlapping with Cyclothone in isotopic niche space.
Within the family Myctophidae, Ceratoscopelus had the greatest percent mean
probability of overlapping with a confamiliar genus (94.9%; Lampanyctus).
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Table 1.7 Percent mean probabilities of niche overlap between genera to be read as the probability that an individual from genus
“row” will be found within the niche space of genus “column”. In parentheses: 2.5% and 97.5% credible intervals. Abbreviations
are as follows: Argyropelecus (Argy), Benthosema (Bent), Ceratoscopelus (Cera), Cyclothone (Cyc), Diaphus (Diap),
Diogenichthys (Diog), Hygophum (Hygo), Lampanyctus (Lamp), Maurolicus (Maur), and Vinciguerria (Vinc).
Argy
Argy
Bent
Cera
Cycl
Diap
Diog
Hygo
Lamp
Maur
Vinc

4.8
(2,10)
1.6
(0,6)
45.5
(30,64)
30.84
(16,49)
1.1
(0,6)
3.3
(0,10)
17.9
(8,32)
53.4
(38,70)
41.5
(25,61)

Bent
30.1
(4,68)

15.8
(7,28)
24.0
(12,39)
61.55
(41,80)
65.4
(43,85)
79.7
(66,91)
35.4
(22,52)
59.4
(38,81)
50.3
(30,72)

Cera
2.5
(0,9)
14.0
(5,27)

36.6
(25,51)
24.97
(11,43)
22.2
(7,43)
39.1
(23,57)
70.3
(58,82)
21.2
(5,41)
40.4
(24,59)

Cycl
87.8
(73,97)
18.3
(10,28)
57.5
(41,74)

62.2
(43,80)
15.9
(3,35)
26.9
(14,43)
73.3
(61,84)
82.0
(69,92)
83.7
(70,94)

Diap
96.1
(82,100)
70.4
(47,93)
61.1
(26,95)
82.9
(61,98)

63.5
(33,92)
82.2
(57,98)
81.3
(59,98)
94.4
(82,100)
94.5
(82,100)

Diog
3.7
(0,24)
63.4
(45,84)
43.1
(10,85)
25.9
(3,68)
41.51
(18,71)

75.1
(53,94)
50.0
(18,80)
36.3
(15,68)
44.3
(17,77)

Hygo
14.9
(0,54)
83.4
(71,94)
67.1
(40,91)
41.8
(18,72)
64.2
(41,86)
78.7
(55,96)

72.5
(51,91)
58.1
(35,81)
66.4
(43,88)

Lamp
62.9
(36,87)
41.8
(26,60)
94.9
(88,99)
85.5
(75,94)
68.23
(48,86)
36.5
(16,60)
63.1
(44,80)

82.6
(67,94)
88.7
(76,97)

Maur
43.2
(30,58)
21.5
(11,36)
4.9
(2,10)
27.5
(20,36)
31.37
(20,45)
16.2
(7,28)
25.0
(14,38)
23
(15,31)

45.1
(32,60)

Vinc
83.1
(62,97)
43.3
(23,69)
54.2
(31,80)
80.2
(66,92)
71.1
(50,90)
36.3
(15,62)
58.8
(36,81)
77
(61,91)
93.3
(81,99)

1.4 Discussion
Few previous studies have taken a dual method approach to investigating the diet
and trophic ecology of larval deep-pelagic fishes, likely because of the challenges
associated with preparing and analyzing tissue from such small specimens. A handful of
studies that have used dual methods (i.e. stable isotope analyses combined with visual
identification or DNA metabarcoding of gut contents) have focused primarily on adult
fishes, particularly those in the circumglobally distributed family Myctophidae (Tyler
2016; Kume et al. 2021). However, none of those studies were based in the northern
GoM. My study reports the gut contents and isotopic signatures of fishes across four
families ranging from larvae to juveniles and demonstrates some clear differences in
trophic level between some genera as early as the preflexion/flexion stages. These
findings expand upon the results of previous diet studies of adult myctophids,
gonostomatids, phosichthyids, and sternoptychids in the Gulf of Mexico (Hopkins and
Baird 1985a; b; McClain-Counts et al. 2017; Jones 2018; Bos 2019; Richards et al. 2020;
Woodstock et al. 2020; Bos et al. 2021) and improve our understanding of the relative
timing and magnitude of ontogenetic trophic shifts and how they vary between taxa.
1.4.1 Gut Contents
Larval and juvenile myctophid diets were mainly composed of copepods, with
calanoid copepods being the most frequently identified taxon. Previous research has
found that adult Lampanyctus, Diaphus, Ceratoscopelus, and Benthosema feed
selectively on calanoid copepods in the genus Pleuromamma (Kawaguchi and Mauchline
1982; Hopkins and Baird 1985a; Bernal et al. 2019). Pleuromamma are abundant in the
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GoM and have depth distributions and diel vertical migration patterns similar to larval
myctophids (i.e., vertical migration from the upper mesopelagic zone to the epipelagic
zone at night) (Buskey et al. 1989; Ortner et al. 1989). Although I was unable to identify
copepods to species, it is likely that Pleuromamma copepods were among the diet items.
I observed foraminifera (single-celled protists that feed on phytoplankton) in the
stomachs of Ceratoscopelus, Diogenichthys, and Benthosema larvae (Table 1.3).
Ceratoscopelus have the lowest trophic level (Table 1.5) of all genera regardless of stage
and had the highest occurrence of foraminifera in their stomach contents (%FO=33.3%).
Ceratoscopelus warmingii adults have been described as occasionally herbivorous
because of the presence of large amounts of diatoms in some of their stomachs (Robison
1984). Although foraminifera are different from diatoms, they both are small, singlecelled planktonic organisms at or near the bottom of the pelagic food web. It is plausible
that larval Ceratoscopelus, like C. warmingii adults, also ingest single-celled planktonic
organisms at a higher rate than other myctophids, but the mechanism for this potential
feeding preference remains unknown (Robison 1984).
Copepods were a dominant prey for larval and juvenile Cyclothone, which is
similar to results from previous studies examining adult Cyclothone, which specifically
fed on calanoid copepods (DeWitt and Cailliet 1972; Burghart 2006; McClain-Counts
2010; Thompson and Kenchington 2017). Very few copepods in the guts that I examined
were identifiable beyond subclass due to advanced digestion. As with previous studies, I
observed a high frequency (82%) of unidentifiable gut contents in Cyclothone guts. For
example, Thompson and Kenchington (2017) reported the same percentage of empty guts
among adult Cyclothone microdon in the western North Atlantic and DeWitt and Cailliet
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(1972) reported a high percentage (~65%) of empty stomachs for Cyclothone signata and
Cyclothone acclindens in the East Pacific. Overall, Cyclothone diets appear to be
similarly zooplanktivorous across ontogenetic stages and ocean basins.
In my study, copepods were also the dominant prey item for larval and early
juvenile Argyropelecus. Ostracods were less common with only 11.8 %FO compared to
the 41.2 %FO of copepods. Hopkins and Baird (1985b) examined the diet of two
Argyropelecus species in the eastern GoM and found that the dominant prey items by
percent biomass for the early stages (10-19 mm SL) of both species were ostracods
(>60%) and copepods (>15%). Interestingly, Argyropelecus has a unique gut morphology
(i.e. not a straight, streamlined digestive tract) and also had the lowest frequency of
empty guts.
1.4.2 Stable Isotopes
Previous studies using both bulk stable isotope and compound specific isotope
analyses have shown that Cyclothone adults occupy trophic levels between 2.6 ± 0.1 and
3.8 ± 0.19 (McClain-Counts 2010; Fanelli et al. 2011; Valls et al. 2014; Choy et al.
2015a; Richards et al. 2020). At 2.42 ± 0.57, my estimate of mean trophic level for larval
and juvenile Cyclothone overlaps with the lower end of the range of trophic levels
reported by previous studies for adult Cyclothone. This could represent a small
ontogenetic trophic shift, perhaps to larger size classes of the same prey types (e.g.
smaller to larger copepods). Alternatively, the difference in calculated trophic levels
could be a consequence of the spatial and temporal variation in the water mass
biogeochemistry that controls the δ15N values at the base of the food web as shown in
Choy et al. (2012a). The pattern of increasing standard length with greater depth of
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capture (Figure 1.6) supports that hypothesis by demonstrating ontogenetic vertical
migration in larval and juvenile Cyclothone.
Although I did not observe teleost eggs or larvae in the guts of Argyropelecus, my
stable isotope analyses revealed that Argyropelecus had the highest trophic level of all
taxa, with both early and late larvae having mean trophic levels >3. Eduardo et al. (2020)
stated that adult Argyropelecus are a mix of secondary and tertiary consumers (e.g.
trophic levels 3 and 4) and found that teleost larvae dominated the diet of all adult
Argyropelecus in their study from the western tropical Atlantic. Because teleost eggs and
larvae mostly lack hard parts, are quickly digested, and retain their maternal δ15N isotopic
signature, it is possible that Argyropelecus larvae had “high” trophic levels because they
consumed teleost eggs in addition to zooplankton despite only zooplankton being present
and detectable in their digestive tracts at the time of dissection (Hoffman et al. 2011;
Tanaka et al. 2016). This highlights the importance of jointly applying isotopic methods
and gut content analyses when studying fish diets. It is worth noting that Argyropelecus
undergo a decrease in in standard length as larvae. As their bodies deepen into the
“hatchet” shape that they are known for, their bodies decrease slightly in standard length
for a period before they continue growing in length. For this reason, ontogenetic stage is
a better proxy for approximating age in Argyropelecus. Maurolicus do not undergo this
drastic change in body shape, therefore SL is still a reasonable representation of growth
for Maurolicus larvae.
The sternoptychids, especially Argyropelecus, were distinct from other genera in
this study not only in trophic level and isotopic niche area, but also in their isotopic niche
overlap probabilities. Due to the size and position of the isotopic niche of Argyropelecus,
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the genus had very low (2.5%; 3.7%) mean probability of overlapping with two
myctophid genera (Ceratoscopelus; Diogenichthys). Similarly, Ceratoscopelus is
separated in isotope space by having a small isotopic niche area (1.64‰) and low mean
trophic level (1.61 ± 0.44). Vinciguerria and Cyclothone, two genera with different adult
vertical migration patterns (strong DVM vs no DVM) and from different families, were
similar in isotopic niche area (SEA Δ‰= 0.05; SEAc= 2.34‰) and trophic level (Vinc=
2.62 ± 0.54; Cyc= 2.42 ± 0.57). As a result, Vinciguerria and Cyclothone have a high
probability of isotopic niche overlap in both directional estimates (80.2%; 83.7%)(Table
1.7).
My results, in combination with those of Hopkins and Baird (1985b) and Eduardo
et al. (2020), support the hypothesis that Argyropelecus species undergo an ontogenetic
diet shift, albeit a small one, from feeding primarily on crustacean zooplankton to feeding
primarily on ichthyoplankton. However, the question remains of which prey types
characterize that trophic shift and are responsible for the high trophic level of
Argyropelecus larvae relative to other mesopelagic fish larvae (e.g. teleost eggs, teleost
larvae). Trophic levels of consumers are expressed relative to primary producers which
occupy the base of the food web and are taken to have a trophic level of ~1. Genus-level
trophic levels ranged from 1.6 (Ceratoscopelus) to 3.3 (Argyropelecus). SEAc (a metric
of isotopic niche area) ranged from 0.83‰ (Maurolicus) to 4.13‰ (Diaphus).
Interestingly, the fangtooth (Anoplogaster cornuta), which Drazen & Sutton (2017)
classified as a deep-pelagic generalist, has an SEAc of only 1.96‰ (Richards et al. 2019).
Although DVM is commonly hypothesized to be a predator avoidance strategy,
some consumers have the capacity to “follow” their prey and thus participate in vertical

32

migrations (Bertrand et al. 2002; Sims et al. 2005). Not all deep-pelagic fish species
participate in DVM, making vertical migration an important differentiator between
functional groups. DVM is a widespread occurrence with measurable ecological and
biogeochemical impacts. The estimated contribution of DVM by zooplankton and
micronekton to the biological pump is approximately 10-30% of passive particle export
(Longhurst and Harrison 1989; Longhurst et al. 1990; Bianchi et al. 2013). Further, the
contribution of adult myctophids alone to active carbon flux has been estimated as
equivalent to 8% of passive particle export (Hudson et al. 2014).
Hopkins and Gartner (1992) suggested that among myctophids competition for
food is mitigated by resource-partitioning both within and between species. My work
highlights the isotopic differences between mesopelagic larvae of different families (e.g.
sternoptychids and myctophids) and the isotopic and dietary overlap between life stages
of the same taxa (i.e. minimal changes in trophic level and gut contents with advancing
developmental stage).
The strong patterns of diel vertical migration present in adult mesopelagic
micronektonic fishes makes their role of active transport in the biological pump more
easily quantifiable and likely more important than the role of larvae (Radchenko 2007;
Hudson et al. 2014). However, Zapfe et al. (2019a; b; c; d) suggests that the larger sizes
(SL > 20 mm) of myctophids and phosichthyids examined in this study likely contribute
to the biological pump through their strong diel vertical migration. The vertical migration
patterns exhibited by these fishes have implications in oil spill scenarios, such as the
Deepwater Horizon event. Vertically migrating juveniles can be exposed to surface oil
where they primarily feed (epipelagic) and exposed to submerged oil where they reside
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during the daytime (deep-pelagic), and as a result will be impacted by the presence of oil
in both the surface waters and water column.
To better quantify the degree to which these fishes facilitate trophic connectivity
between the epipelagic and the deep ocean, future research should analyze ontogenetic
vertical migration patterns for species that participate in DVM as adults (e.g. myctophids)
as well as species that presumably only migrate deeper in early life before reaching their
adult living depths (e.g. Cyclothone). As the deep-pelagic environment is increasingly
targeted for commercial fishing (Noguchi 2004; Moosavi‐Nasab et al. 2018; Standal and
Grimaldo 2020) and subjected to the effects of climate change (Danovaro et al. 2001,
2004), it is important to understand the ecological role of larval and juvenile mesopelagic
fishes as both predators and prey in the pelagic food web.
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CHAPTER II TROPHIC ECOLOGY OF LARVAL AND JUVENILE STAGES OF
THREE BARRACUDINA (PARALEPIDIDAE) SPECIES IN THE NORTHERN GULF
OF MEXICO
2.1 Background
Waters below 200 m, often referred to as the deep-pelagic, comprise 90% of the
volume of the Gulf of Mexico (GoM) and host a large and likely underestimated biomass
of fishes (Kaartvedt et al. 2012; Irigoien et al. 2014; Fisher et al. 2016b). Despite
representing 75% of the global biosphere, the deep-pelagic receives less research
attention and management effort than ecosystems that are logistically easier to study
(Angel 1997b). Globally, the deep ocean provides an array of supporting and
provisioning ecosystem services (Millennium Ecosystem Assessment 2005; Thurber et al.
2014), including carbon sequestration, nutrient cycling, and habitat (Armstrong et al.
2010). Many deep-pelagic fishes are prey for large, highly migratory pelagic fishes (e.g.,
tunas, billfishes), as well as marine mammals and seabirds (Pauly et al. 1998; Moteki et
al. 2001; Allain 2005; Connan et al. 2007; Cherel et al. 2008; Choy et al. 2013).
Additionally, through their diel vertical migrations, deep-pelagic fishes play a significant
role in the biological pump by feeding in epipelagic (<200 m) waters at night, and then
returning to the deep-pelagic during the day (Hidaka et al. 2001; Radchenko 2007;
Bianchi et al. 2013; Hudson et al. 2014).
Fish trophic ecology is largely studied using two complementary methods: gut
content analysis and stable isotope analysis. Gut content analysis has long been used as a
tool to study the diets of fishes and offers the advantage of assigning prey items to
taxonomic groups (Hyslop 1980). Alternatively, bulk tissue stable isotope analysis (BT-
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SIA) quantifies how carbon and nitrogen isotopes flow between ecological food web
units as a result of foraging and predation. Applications of BT-SIA in ecology gained
popularity in the 1970s and are still a routinely used and affordable tool for studying
trophic ecology. BT-SIA uses the combined isotopic values of all compounds in a sample
to provide information on the organism’s trophic level and nutritional resources. When
using BT-SIA, the comparability of trophic levels among samples is dependent on the
consistency of the isotopic value of the trophic baseline across the spatiotemporal scale of
the study. However, isotopic values of trophic baselines can shift temporally,
geographically, as a result of environmental perturbations, and with increasing depth
(Choy et al. 2012b, 2015b; Fernández-Carrera et al. 2016). Bulk tissue stable isotope
analysis gives an estimate of an organism’s diet that is integrated over a longer timescale
than gut contents as a result of tissue-specific isotopic turnover rates being much slower
than rates of digestion. The timescale of isotopic turnover can be from weeks to months
for adult fishes, but is usually on the order of days for faster-growing larvae and juvenile
fishes (Uriarte et al. 2016). BT-SIA is often used in concert with gut content analysis to
provide a more holistic view of trophic interactions that takes into account the individual
shortcomings of each method when used alone.
More recently, the development of compound-specific stable isotope analysis of
amino acids (CSIA-AA) allows for better estimates of trophic position or basal resource
composition. CSIA-AA determines the isotopic values of carbon and nitrogen in
individual amino acids in a sample, rather than the combined isotopic values for all
compounds used in BT-SIA. This method analyzes both “source” (essential) amino acids
whose isotopic values do not change when transferred across trophic levels as well as
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“trophic” amino acids that fractionate in a predictable way with each trophic level
transfer (McClelland and Montoya 2002; Chikaraishi et al. 2009). Therefore, the isotopic
values of “source” and “trophic” amino acids can be used together to track isotopic
baselines as they shift and better determine an organism’s trophic level. This unique
aspect of CSIA-AA allows for estimation of trophic levels without having to sample
primary producers or use proxies for them.
Using CSIA-AA, recent studies have challenged the idea that non-migratory
deep-pelagic organisms are supported almost entirely by energy resources transported
downward from the epipelagic by vertical migrators (Choy et al. 2015b; Gloeckler et al.
2017; Romero-Romero et al. 2019). Fundamentally, open ocean food webs are supported
by epipelagic primary producers. However, as these particles sink into the deep-pelagic
they become enriched in 15N as a result of microbial activity and thus represent an
isotopically distinct baseline from their surface origins (Saino and Hattori 1980;
Abramson et al. 2010; Gutiérrez-Rodríguez et al. 2014). CSIA-AA methods have enabled
researchers to identify fish feeding within food chains supported by transformed deeppelagic suspended POM, which is not possible with BT-SIA alone (Choy et al. 2015b;
Gloeckler et al. 2017).
Paralepidids (Aulopiformes: Paralepididae) are an understudied family of fishes
found in low to mid-latitude deep-pelagic waters worldwide, with 19 known species in
the Gulf of Mexico (GoM). Although paralepidids are relatively scarce in the
mesopelagic compared to other families (e.g. Myctophidae and Gonostomatidae), they
are frequently found in the guts of pelagic predators, such as tunas and billfishes, and are
a major part of their diets (Moteki et al. 2001; Potier et al. 2004; Allain 2005; Karakulak
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et al. 2009; Revill et al. 2009). This suggests that smaller paralepidids can be important
pelagic forage fish.
Adult paralepidids are micronektonivores or piscivores, depending on species and
life stage (Hopkins et al. 1996; Jones 2018). This is in contrast to the most abundant
mesopelagic fishes (e.g., myctophids, gonostomatids) which are entirely
zooplanktivorous. Ontogenetic shifts in diet vary among fish taxa. Some mesopelagic fish
species that are micronektivores or piscivores as adults may consume exclusively
zooplankton during larval or juvenile stages, while others may begin micronektonivory or
piscivory at first feeding (Shoji and Tanka 2001; Drazen and Sutton 2017). Although diet
shifts have been described for numerous taxa, the ontogenetic timing of the onset of
micronektonivory in paralepidids is currently unknown.
Paralepidids are an ideal candidate to represent the deep-pelagic
micronektonivore feeding guild because they are one of the most abundant deep-pelagic
micronektonivore families in the GoM (second only to Stomiidae) (Ross et al. 2010).
Inclusion of deep-pelagic micronekton and micronektonivores in our understanding of
pelagic food web dynamics is valuable because they often represent a critical trophic link
between zooplanktivores and higher level predators (Brodeur and Yamamura 2005).
Some species of paralepidids are believed to show weak vertical migration (Jones 2018)
but the family is generally classified as nonmigratory (Rofen 1966). The relationship
between paralepidid diet and vertical distribution, and potentially vertical migration, is
unknown as this group is understudied, especially with regards to early life stages.
The goal of this chapter is to understand the role of larval and juvenile paralepidids in
the pelagic food web by describing their diets and using stable isotope techniques and gut
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content analyses. I examine the trophic ecology of these fishes within the context of their
vertical distribution patterns to infer their potential contribution to trophic connectivity
down the water column. Another objective was to determine the point in ontogeny at
which paralepidids transition from a primarily zooplanktivorous diet to a primarily
micronektonivorous diet.
2.2 Methods
2.2.1 Sample Collection
Ichthyoplankton, zooplankton, and nekton were collected during five research
cruises in the northern Gulf of Mexico during fall 2010 and spring 2011 as part of the
Deepwater Horizon Oil Spill Natural Resource Damage Assessment (Figure 2.1; Table
2.1). All sample collection stations were located beyond the 200 m contour, with bottom
depths ranging from roughly 500 to 3000 m. Plankton samples (cruises WS1, WS3, WS4,
NS9, NSPC3, and NSPC4) were collected using a 1 m2 Multiple Opening/Closing Net
and Environmental Sensing System (MOCNESS) fitted with 333 μm mesh nets.
Table 2.1 Summary of MOCNESS sampling effort during Natural Resource Damage
Assessment (NRDA) cruises conducted in 2010 and 2011 in the northern Gulf of
Mexico. Asterisks (*) denote cruise data used in analyses of larval paralepidid spatial
and vertical distribution. Daggers (†) denote cruises from which fishes were analyzed
for gut contents. The number of specimens selected for CSIA-AA analysis is also noted.
Station locations are depicted in Figure 1.
Cruise Name

Cruise
Code

Cruise
Dates

No.
Stations

No.
Tows

CSIA-AA
No. Larvae

2010
Walton Smith 1*†

WS1

9/5 - 9/17

9

92

0

Walton Smith 3*†

WS3

9/26 - 10/3

6

83

0

Nick Skansi PC3*

NSPC3

9/25 - 10/3

9

110

0

Nick Skansi PC4*

NSPC4

10/16 - 10/23

8

108

0
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Table 2.1 Continued
Cruise Name

Cruise
Code

Cruise
Dates
2011

No.
Stations

No.
Tows

CSIA-AA
No. Larvae

Walton Smith 4*†

WS4

4/11 - 5/27

9

220

3

Nick Skansi 9*†

NS9

4/16 - 6/30

40

596

20

Meg Skansi 6†

MS6

1/25 - 4/1

33

60

1

Meg Skansi 7†

MS7

4/19 - 6/30

45

88

21

Meg Skansi 8†

MS8

7/18 - 9/30

46

93

1

Figure 2.1 MOCNESS sampling locations during five Natural Resources Damage
Assessment (NRDA) cruises conducted during Fall 2010 (WS1, WS3, NSPC3, NSPC4)
and Spring 2011 (WS4, NS9, MS6, MS7, MS8) in the northern Gulf of Mexico. Cruise
abbreviations, cruise dates, and sampling effort are denoted in Table 1.
Nekton samples (cruises MS6, MS7, and MS8) were collected using a
MOCNESS with a 10 m2 opening and 3 mm mesh nets. During each MOCNESS tow,
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samples were collected from eight depth-discrete bins at each station: 0-25 m, 25-200 m,
200-400 m, 400-600 m, 600-800 m, 800-1000 m, 1000-1200 m, and 1200-1500 m.
Samples and associated data from the 0-25 m and 25-200 m depth bins were later
combined for data analyses. MOCNESS tows were conducted during the day and night
(~12 hours apart) at each station. All Walton Smith (WS) and Nick Skansi (NS) samples
were fixed in formalin, archived for at least one year, and then transferred to 70%
unbuffered ethanol prior to processing. Meg Skansi (MS) samples were fixed in formalin
and remained in formalin until they were analyzed for gut contents in 2019.

Table 2.2 Number of samples (by genus and depth bin) used
in CSIA-AA analyses of larval and juvenile barracudinas.
depth bin (m)
0-200
200-400
400-600
600-800
800-1000
1000-1200
1200-1500

Lestidiops
5
1
13
1
1
2
1

Sudis
7
0
2
0
1
0
2

Ichthyoplankton and micronekton fishes were sorted, identified to the lowest
possible taxonomic level, and enumerated. Following identification, specimens were
stored and maintained in the Deepwater Horizon Plankton Assessment Archive (NOAA
Pascagoula) located at the Stennis Space Center, Mississippi, USA.
2.2.2 Data Analysis – Vertical Distribution
Abundance data derived from MOCNESS sampling during six plankton cruises
were used to describe larval paralepidid vertical distribution (Table 2.1). Only complete
tows that sampled down to a minimum depth of 1000 m were included in the analysis.
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Weighted mean depth (WMD) was calculated using the methods of Frost & Bollens
(1992) as follows:
𝑊𝑀𝐷 =

Σ𝑛𝑖 𝑑𝑖
Σ𝑛𝑖

where 𝑛𝑖 is abundance (standardized by volume filtered) at depth 𝑑𝑖 and 𝑑𝑖 is taken to be
the midpoint of each depth bin. Amplitude of DVM was calculated as the difference in
meters between daytime WMD and nighttime WMD, with a positive value indicating
movement towards the surface at night and a negative value indicating movement to
deeper water at night (Dodson 1990; Andersen et al. 2001; Irigoien et al. 2004; Holliland
et al. 2012).
Weighted mean depths for day and night tows were calculated separately for five
size classes: <10 mm, 10-20 mm, 20-30 mm, 30-40 mm, and 40-50 mm. Differences in
day and night weighted mean depths were tested using a one-way ANOVA for all size
classes except 30-40 mm and 40-50 mm (due to small sample sizes).
2.2.3 Data Analysis – Spatial and Temporal Distribution
Abundance data derived from MOCNESS sampling during six cruises were used
to describe trends in spatial distribution (Table 2.1). Following Smith & Richardson
(1977), catch data were standardized by tow volume then multiplied by the product of ten
and the maximum tow depth. Abundance was then expressed as number of larval
paralepidids under 10 m2 sea surface unit area at each station. Only complete tows that
sampled to a minimum depth of 800 m were included in this analysis. For MOCNESS
tows that sampled deeper than 800 m, only nets from 800 m and shallower were included.
Linear mixed-effects models were used to test for differences in paralepidid
abundance among seasons, with cruise as the random effect and station as the fixed
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effect. Following Burdett et al. (2017), stations within the 1000 m isobath were
classified as offshore stations (n=32), and those on or beyond the 1000 m isobath were
classified as slope stations (n=16). A one-way ANOVA was used to determine if
abundances of paralepidids (0-50 mm SL) were significantly different between slope and
offshore sites.
2.2.4 Gut Content Analysis
To describe the trophic ecology of these species, fish samples for gut content and
stable isotope analyses were selected from four cruises conducted during spring 2011 and
one cruise conducted in summer 2011 (Table 2.1). Efforts were made during the sample
selection process to include a range of depth bins, stations, and larval stages. In total, 54
larvae representing three paralepidid species (Lestidiops affinis, Sudis atrox, S. hyalina)
were selected for gut content analyses to encompass a broad range of capture depths and
fish sizes (ca. 6-73 mm SL) while maintaining adequate sample sizes amongst adjacent
stations.
Methods for gut content analysis largely followed those outlined by Llopiz and
Cowen (2008). Prior to processing, fish were imaged with a digital camera mounted on a
dissecting microscope; notochord length or standard length was measured to the nearest
0.01 mm with iSolution-Lite software (IMT iSolution, Inc., 2018, Vancouver, BC). After
imaging, entire alimentary canals were removed and placed in ethanol under a dissecting
microscope. If present, gut contents were removed, and prey items were identified to the
lowest possible taxonomic level, counted, and measured as their condition allowed. Gut
content results are reported at the genus level (Lestidiops and Sudis) as percent frequency
of occurrence (%FO), where %FO is the proportion of guts containing each prey type
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expressed as a percentage of the total number of non-empty stomachs (Hyslop 1980;
Stobberup et al. 2009).
2.2.5 CSIA-AA Sample Preparation
To remove preservatives from the soft tissue, larval fish specimens (with guts
removed; n= 54) were rinsed and soaked in deionized water for 72 hours, with water
changes every 24 hours (Chasar et al. 2005; Marcus et al. 2017). Subsequently, fish
larvae were dried individually at 60 °C. For compound specific stable isotope of amino
acids (CSIA-AA), fish from the same taxa and similar sampling locations and depths
were combined as needed to reach the minimum required sample mass (1.5 mg). After
being dried and ground into a fine powder, a total of 36 samples were shipped in 1-mL
glass vials to the University of California Davis Stable Isotope Facility (UCD SIF) for
analysis. Isotope ratios of individual amino acids were analyzed using acid hydrolysis to
free amino acids from proteinaceous samples followed by gas chromatography
combustion isotope ratio mass spectrometry (GC-C-IRMS).

Table 2.3 Number of samples and mean standard length (SL) by stage and genus for
barracudina analyzed using CSIA-AA.
Lestidiops
Postflexion
n
SL

12
25.83

Sudis

transformation juvenile
3
33.33

9
44.73
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Postflexion
5
10.08

transformation juvenile
4
16.45

3
33.64

2.2.6 Bulk Tissue Stable Isotope Analysis
To compare trophic position estimates between methods, BT-SIA was conducted
on a subset of individuals with tissue available following CSIA-AA. Eight samples
representing eight individual fish meeting the minimum sufficient sample mass for BTSIA (~0.3 mg) were used. Methods of sample preparation and analysis for bulk-tissue
stable isotope analysis here follow the same methods outlined in chapter one (section
1.2.3). For this comparison, isotope results are reported at the species level for each fish.
2.2.7 Data Analysis - Trophic level
Isotope samples were analyzed for δ15N using CSIA-AA, which yielded δ15N
values for the following amino acids: Alanine, Aspartic Acid, Glutamic Acid, Glycine,
Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, Proline, Serine, Threonine, and
Valine. CSIA-AA analyses and results were conducted and reported at the genus level.
Standard length of individuals used for CSIA-AA ranged from 4-73 mm, encompassing
stages from preflexion through juvenile (Table 2.3).
Trophic levels (TL) based on CSIA-AA have often been calculated using the
following equation (McClelland and Montoya 2002; Chikaraishi et al. 2009):

TLCSIA = (δ15NGlu - δ15NPhe - β)/TDF + 1

where β, the isotopic differences between glutamic acid and phenylalanine in primary
producers, was estimated as 3.4 for aquatic systems and TDF, the trophic discrimination
factor of 15N in glutamic acid, was estimated as 7.6‰. However, TDF is known to be
highly variable (e.g., between taxa and size classes). Here, trophic level was calculated
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using a TDF of 5.7‰ as it is most appropriate for deep-pelagic fishes based on the
limited data that exists (Bradley et al. 2015; Richards et al. 2020). Trophic levels were
tested for differences among genera (Lestidiops, Sudis), stages (flexion, postflexion,
transforming, juvenile), and stations (n=22; Figure 1) using a factorial ANOVA.
For a small subset of samples where BT-SIA and CSIA-AA were both performed,
and where geographically appropriate bulk isotope data from zooplankton was available,
trophic levels were calculated using both bulk and compound-specific methods. The
trophic levels yielded by each method were then compared for each sample. TLbulk was
calculated as follows:
TLbulk = λ + (δ15Nconsumer-δ15Nbase)/ TDF

where λ is the trophic level of the organism being used to estimate the base of the food
web, δ15Nbase is that organism’s nitrogen isotopic value, and trophic discrimination factor
(TDF) is the enrichment in 15N per trophic level. Depth-discrete zooplankton aliquots
were used as a proxy for δ15Nbase and λ was set at 2.5 to account for the range of
zooplankton sizes contained in the aliquots. Based on the results of Pepin and Dower
(2007), and in an effort to account for the unique physiology of larval fishes, a TDF of
1.88‰ was used to calculate TLbulk.
2.3 Results
2.3.1 Vertical Distribution
Nearly all (99.5%) paralepidids in the < 10 mm size class were observed in the
upper 200 m of the water column (Figure 2.2). There was a significant difference in
weighted mean depth between day and night tows for the <10 mm size class (Table 2.4;
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p=0.0418, F= 4.239). Nearly all (98.8%) paralepidids in the 10-20 mm size class were
similarly collected in the upper 200 m of the water column (Figure 2.3).
Table 2.4 For five size classes of paralepidids captured
in daytime and nighttime MOCNESS tows: average
weighted mean depth across tows (WMD) and number
of tows in which fish in a given size range were
captured (n)
Day
Night
SL (mm)
WMD
n
WMD
n
0-10
115.22
62.00
93.50
51.00
10-20
209.19
8.00
105.96
18.00
20-30
267.07
5.00
95.50
6.00
30-40
112
1
112.25
4
40-50
111
1

Figure 2.2 Night (dark bars) and day (white bars) vertical distributions of paralepidid
larvae (<10 mm). Means are calculated using MOCNESS data from cruises identified in
Table 1. Error bars denote one standard deviation
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Figure 2.3 Night (dark bars) and day (white bars) vertical distributions of paralepidid
larvae 10-20 mm. Means are calculated using MOCNESS data from cruises identified in
Table 1. Error bars denote one standard deviation

Figure 2.4 Night (dark bars) and day (white bars) vertical distributions of paralepidid
larvae 20-30 mm. Means are calculated using MOCNESS data from cruises identified in
Table 1. Error bars denote one standard deviation
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Figure 2.5 Night (dark bars) and day (white bars) vertical distributions of paralepidid
larvae 30-40 mm. Means are calculated using MOCNESS data from cruises identified in
Table 1. Error bars denote one standard deviation

Figure 2.6 Night (dark bars) and day (white bars) vertical distributions of paralepidid
larvae 40-50 mm. Means are calculated using MOCNESS data from cruises identified in
Table 1. Error bars denote one standard deviation
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There was no significant difference in weighted mean depth between day and
night tows for the 10-20 mm size class (p=0.107, F=2.881). Larval paralepidids in the 2030 mm size class had a more restricted distribution, with a maximum occurrence in the
600-800 m depth bin (Figure 2.4). For the 20-30 mm size class, all larvae collected at
night were in the upper 200 m of the water column, whereas during the day the
distribution ranged ranged from 25 m to 800 m depth. There was no significant difference
in the weighted mean depth between day and night for the 20-30 mm size class (p=0.136,
F=2.683). Very few paralepidids in the larger size classes (30-40 mm, 40-50 mm) were
collected, and all observations were from the 25-200 m depth bin, regardless of time of
day (Figures 2.5, 2.6). However, the magnitude of the difference between daytime and
nighttime weighted mean depth was negligible at <1 m.
2.3.2 Spatial and Temporal Distribution
Paralepidid larvae were collected at each of the 47 stations sampled. Larval
abundances varied by station (Figure 2.7), but these differences were not statistically
significant across all cruises (and thus seasons) combined (p=0.0757, F=1.318).
However, results from the linear mixed-effect model (controlling for cruise as a random
effect) suggested paralepidid abundance was significantly different among all stations
(p=0.0406, F=1.399), with significantly higher mean abundance at slope stations (2.33
larvae under 10 m2) than at offshore stations (2.09 larvae under 10 m2) (p<0.00, F=22.94)
(Figure 2.7).
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Figure 2.7 Larval paralepidid abundance (number under 10 m2 sea surface area) at each
sampling site from 2010 and 2011 NRDA cruises. Cruise data used in this analysis is
denoted in Table 1. Contour line is 1000 m isobath.

Figure 2.8 Larval paralepidid abundance (number under 10 m2 sea surface area) at each
sampling site by season (Fall/Spring). Cruise data used in this analysis is denoted in
Table 1. Contour line is 1000 m isobath.
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Seasonal differences in paralepidid abundance were also apparent (Figure 2.8).
Overall, paralepidid abundance was significantly higher (mean = 2.91) during spring
sampling periods than fall (mean = 1.06) (p=0.0179, F=5.624). Overall, paralepidid
abundances ranged from 0 to 340 larvae under 10 m2.
2.3.3 Gut Content Analysis
Of the paralepidids analyzed for gut contents (n=169), 86% had empty guts.
Individuals analyzed for gut contents ranged in standard length from 3-73 mm. Larval
fish were the most abundant prey items for S. atrox, S. hyalina, and L. affinis. Copepods,
cladocerans, and invertebrate eggs were also present in small numbers. The smallest
individual with gut contents was a 6.7 mm (flexion) Sudis atrox. The smallest individual
found to have a larval fish in the gut was a 9.5 mm (postflexion) Sudis atrox.

Figure 2.9 Percent frequency of occurrence (%FO) of prey items in the guts of larval and
juvenile Lestidiops and Sudis
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Larval fish prey were observed in the guts of all Lestidiops specimens examined.
In contrast, larval fish prey were observed in 66.7% Sudis guts. Cladocerans were found
exclusively in Lestidiops guts (%FO =33.3) and copepods occurred exclusively in Sudis
gut contents (%FO =16.7). Invertebrate eggs were present in the guts of both Lestidiops
species (%FO =33.3) and Sudis (%FO =8.3)(Figure 2.9).
2.3.4 Compound Specific Isotope Analysis of Amino Acids
CSIA-AA results indicated that the δ15N values of the main source
(phenylalanine) amino acid were not significantly different between Lestidiops and Sudis
(p= 0.0636, F= 3.678), but the δ15N values of the main trophic (glutamic acid) amino acid
were significantly different (p=0.0169, F=6.318) (Table 2.5). Glutamic acid δ15N values
ranged from approximately 13‰ to 19‰. Phenylalanine δ15N values ranged from
approximately -0.7‰ to 3.5‰.

Figure 2.10 Mean phenylalanine (source AA) δ15N values (‰) for paralepidid larvae by
station. Genera are combined for analysis.
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Based on samples containing only single fish or fish that were caught at the same
site, both phenylalanine and glutamic acid differed significantly by station (Phe: p<0.00,
F= 8.269; Glu: p<0.00, F= 12.38) (Figure 2.10) but not by genus (Phe: p=0.247, F=1.397;
Glu: p=0.244, F=1.41), developmental stage (Phe: p=0.282, F=1.337; Glu: p=0.322, F=
1.216), or depth (Phe: p=0.384, F=1.112; Glu: p=0.385, F=1.109).

Figure 2.11 Comparison of mean, median, total range and interquartile range of trophic
levels between Lestidiops affinis and Sudis spp.
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Figure 2.12 Comparison of mean, median, total range and interquartile range of trophic
levels between developmental stages. Both genera are combined for analysis.

Trophic levels were not significantly different between genera (3.18±0.02 vs.
3.10±0.05), developmental stages, or stations (Genera: p=0.807, F=0.064; Stage:
p=0.206, F=1.978; Station: p=0.163, F=2.083) (Figures 2.11-2.13). Phenylalanine δ15N
was strongly and positively correlated with glutamic acid δ15N for both Lestidiops
(R=0.81, p<0.00) and Sudis (R=0.77, p=0.003) (Figure 2.14).
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Table 2.5 Mean trophic level and mean δ15N ± one standard deviation of
selected source and trophic amino acids for each of the two genera in
this study.
Lestidiops
Sudis
TL
3.18±0.02
3.10±0.05
Source AAs
Phe
0.99±0.2
0.35±0.25
Gly
1.75±0.39
1.08±0.32
Lys
3.52±0.22
3.29±0.42
Trophic AAs
Glu
16.8±0.2
15.76±0.42
Ala
16.65±0.21
16.24±0.44
Leu
13.21±0.29
13.6±0.47

Figure 2.13 Average trophic level of paralepidids by station, calculated using
TDF=5.7‰. Both genera are combined for analysis.

56

Figure 2.14 Relationship between δ15N values of phenylalanine and δ15N values of
glutamic acid.

Figure 2.15 Trophic levels calculated using both bulk-tissue (blue bars) and compoundspecific (tan bars) stable isotope methods for 8 individual fish. All specimens were
postflexion or juvenile stages. Fish specimens 1-7 are Lestidiops affinis. Fish specimen 8
is Sudis hyalina.
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2.3.5 Compound Specific vs Bulk Stable Isotope Analyses
Based on tissue sample availability, there were eight paralepidid samples for
which trophic levels could be calculated using both bulk stable isotope (TLbulk) and CSIA
(TLCSIA) methods (Table 2.6; Figure 2.15). TLCSIA was higher for five of the paralepidid
samples. For the remaining three samples, TLbulk was 0.16 - 0.68 higher than TLCSIA.
TLCSIA ranged from 3.12 to 3.33 with a mean of 3.21 and a standard deviation of 0.07.
TLbulk showed greater variability between paralepidid samples, with a range from 1.42 to
3.87 (mean=2.66; SD=0.89) (Figure 2.15). TLbulk and TLCSIA were not significantly
different (p=0.129, t = -1.719). The difference between TLbulk and TLCSIA trophic level
estimates ranged from 0.1 to 1.4. There was no correlation regarding the absolute
difference between TLCSIA and TLbulk and depth of capture (R2=0.327; p=0.16) or
standard length (R2=-0.157; p=0.832)).
Table 2.6 Trophic levels calculated from bulk (TLbulk) and compound specific
(TLCSIA) isotope data from the eight individual fishes. Depth = depth of
capture. SL = standard length. Time = time of day of capture, where D = day
and N = night. Station locations denoted in Figure 2.1.
SL
Genus
(mm)
Station Depth (m) Time
TLbulk
TLCSIA
Lestidiops
45.0
B184
1000-1200
D
1.42
3.33
Lestidiops
40.5
B081
400-600
N
1.73
3.12
Lestidiops
30.0
B081
400-600
N
1.99
3.22
Lestidiops
44.0
B251
400-600
D
2.49
3.27
Lestidiops
30.5
WS01
0-200
N
2.97
3.14
Lestidiops
50.0
B082
400-600
D
3.37
3.21
Lestidiops
35.0
B250
400-600
D
3.44
3.23
Sudis
46.5
B080
0-200
D
3.87
3.19
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2.4 Discussion
2.4.1 Distribution and DVM
Overall there was little evidence to support large-scale vertical migrations by
larval paralepidids. Small paralepidids (<30 mm) were largely located in the upper 200 m
during both day and night collections, which is typical of small, pelagic fish larvae. No
inference could be made with regard to DVM for size classes >30 mm due to small
sample sizes. Using larger net samplers (10-m2 MOCNESS, High Speed Rope Trawl) in
the same region as my study, Jones (2018) collected larger paralepidid size classes (11234 mm SL), and concluded that weak DVM may occur for some paralepidid species, but
the extent and strength of DVM patterns varied within and among species. Given the
relatively large depth bins used in these studies, it is possible that there are patterns of
small-scale vertical movement occurring within bins, particularly in smaller larvae the
epipelagic zone. However, there is not strong evidence that any vertical movement by
paralepidid larvae is linked to diel cycles as the amplitude of DVM was often small.
My results and those of Jones (2018) suggest that non-migration or weak DVM is
a characteristic of paralepidids throughout their ontogeny, and that the early life stages of
paralepidids do not play a substantial part in transporting materials between the
epipelagic and deep-pelagic regions. This is in contrast to other highly abundant and
synchronous migrating taxa such as myctophids, whose active carbon transport from
respiration alone can be equivalent to as much as 47% of passive/gravitational carbon
flux (Belcher et al. 2019).
Paralepidid abundance was significantly greater at stations on the continental
slope than offshore stations. Similarly, Lyczkowski-Shultz et al. (2013) found that the
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distribution of paralepidids in the northeastern GoM closely followed the isobaths
outlining the DeSoto Canyon on the continental slope. Other studies have also found that
features associated with the continental slope, such as submarine canyons, rock ledges,
and overhangs, have higher abundances of adult deepwater fishes because these features
serve as natural refuge and, in some cases, essential fish habitat (Yoklavich et al. 2000;
Sion et al. 2019). Additionally, the combined effects of wind-driven forcing and
entrainment by eddies culminate in the offshore transport of riverine waters from the
shelf over the DeSoto Canyon, often making that area of the continental slope more
productive than surrounding waters (Morey et al. 2003b; a; Walsh et al. 2003; Weisberg
and He 2003; Kourafalou and Androulidakis 2013; Coleman et al. 2014).
2.4.2 Trophic level
Broadly speaking, TLCSIA was higher than TLbulk. This is likely due to the
different methods of characterizing the isotopic baseline for each method. The isotopic
baseline for larval fish TLCSIA was based on phenylalanine δ15N, whereas larval fish
TLbulk was calculated relative to zooplankton collected in the same depth zone as the
larvae. Estimating the appropriate isotopic baselines for weakly migrating and nonmigrating deep-pelagic fishes presents a challenge because nitrogen isotopic enrichment
of particles and plankton varies over horizontal and vertical space and feeding can occur
at any depth prey is encountered (Mintenbeck et al. 2007; Casciotti et al. 2008; RomeroRomero et al. 2019). Paralepidids don’t appear to participate in diel vertical migration,
but their varied depth distribution makes it difficult to determine the depth at which they
typically feed, and thus difficult to determine their approximate trophic baseline.
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In my analyses, I assumed that zooplankton captured at the same depth as a
paralepidid larva would be a reasonable proxy for the isotopic baseline of that larva.
However, this doesn’t take into account any potential vertical movement of the
zooplankton or the larvae, as mentioned above. The estimated TLCSIA is more reflective
of larval paralepidid diet (as estimated by gut content analyses) than TLbulk (Hopkins et
al. 1996; Jones 2018). TLCSIA also appears to reflect the known ecology and gut contents
better than TLbulk relative to the known trophic levels of mesopelagic zooplanktivores
(Benthosema suborbitale = 3.56±0.24) and deep-pelagic generalists (Anoplogaster
cornuta = 3.4±0.31) by estimating paralepidid trophic level as closer to their predators
and prey (Richards et al. 2019, 2020).
2.4.3 Trophic Ontogeny
My stable isotope results show that there is no significant ontogenetic shift in
trophic level for paralepidids within the size range represented in my samples (30-50
mm). Piscivory can begin during the larval phase in Sudis, as fish larvae were present in
the guts of individuals with standard lengths <10 mm. Gut contents were only present in
three individual Lestidiops samples with standard lengths >51 mm, and the only prey
items present were fish larvae. Prey selection by larval Lestidiops affinis may be more
constrained than for Sudis as a result of their morphological differences. Sudis atrox and
Sudis hyalina are deeper-bodied than Lestidiops affinis and have a larger head and gape
size that can accommodate “large” prey like other larval fishes more easily (Harry 1953).
Jones (2018) also found that L. affinis juveniles and adults fed entirely on other fishes.
Overall, my results suggest a small change in trophic level during the early
ontogeny (flexion to postflexion) of these paralepidid species. The homogeneity in

61

trophic levels despite the large amount of spatial variation in phenylalanine (source AA)
values makes a strong case for the utility of CSIA-AA δ15N methods when studying the
trophic ecology of consumers over a large spatial or temporal scale. The comparatively
limited vertical migrations of these species suggests that they are likely not major
contributors to the biological pump as those that migrate to the epipelagic on a diel cycle
consistently (e.g., Myctophidae). My results suggest paralepidids are micronektonivores
as late larvae and juveniles. Once paralepidids begin consuming other larval and juvenile
fishes, their role in the GoM food web becomes distinct from that of myctophids and
gonostomatids.
Paralepidids are major diet components of commercial fisheries species such as
Atlantic salmon, Pacific salmon, sharks, tunas, and billfishes (Templeman 1968; Allain
2005; Pool et al. 2008; Scott and Tibbo 2011; Preti et al. 2012; Varghese et al. 2013;
Olafsdottir et al. 2016). As a result, some management agencies have issued protections
for mesopelagic forage fishes including the paralepidids (Oregon Department of Fish &
Wildlife 2016). Recent studies suggest that paralepidid biomass throughout their
circumglobal distribution is likely underestimated. For example, Jones (2018) concluded
that net avoidance by many paralepidid species results in underestimation of abundance.
Using visual survey methods, Netburn et al. (2018) reported that in Hydrographer
Canyon (NW Atlantic continental slope) paralepidids were more abundant than
myctophids from 475 m to 775 m, and accounted for 71% of the observed organisms in
the 725 m -775 m depth bin. The importance of paralepidids as pelagic forage fish and
major food web components underlines the need to better understand their ecology and
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their influence not only on large pelagic fisheries, but in the pelagic ecosystem as a
whole.
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